Introduction
Oil and gas production via tube requires high level of safety and trust aiming at the reduction of costs, increase of operation efficiency and minimization of accidents. However, the complex work conditions such as high temperature, high multiphase flow, pH value, ion concentrations and partial-wear between the tube and sucker rod associated with increasingly prevalent applications in deviated and horizontal oil wells, make the corrosion and partial-wear for both tube and sucker rod very serious in oil well. For a long time, enormous efforts have been made to understand the corrosion behavior and estimate the workability of various tube steels in acid environment containing CO 2 , H 2 S. 1, 2) Most of metallic tube materials such as J55, N80 and P110 steels, which are relatively cheap materials and have been widely used for tube in oilfield through the world, display unsatisfactory performance under conditions of high corrosion and heavy wear in the oil well. 3, 4) Engineering ceramics is known worldwide because of its high operating temperature, corrosion resistance and wear resistance. Odawara successfully developed long ceramic-lined pipes using centrifugal self-propagating high-temperature synthesis (SHS) process, 5) which were used in many industrial applications to transport solid powder such as coal powder, cinder, coal ash, limestone flour, and also the ideal tubular product for other solid particles and waste slag transportation in the coal, metallurgy, mine, nuclear power industry. 6) Recently, a new kind of ceramic-lined composite steel tube nearly 10 m long produced by centrifugal-SHS provides a good solution to the corrosion and wear problems since its relative thick ceramic layer outperforms other conventional surface techniques such as nitriding, electroless Ni-P coatings and hard Cr coatings in terms of hardness, wear resistance and anticorrosion. 7, 8) The new technique can coat a thick ceramics Al 2 O 3 layer over 2.0 mm on the inner surface of conventional steel tube including J55, N80 and P110 tube. However, before the ceramic-lined composite steel tube prepared by centrifugal-SHS could be practically used in deviated and horizontal wells, a key problem involving partialwear between the tube and sucker rod must be solved. The sucker rod centralizers made of glass fiber reinforced polyamide (GF/PA) composite with a greater diameter than the sucker rods, usually fixed in positions such as the ends and the middle of the sucker rod, can protect the sucker rod from being worn by the conventional steel tube to a certain The tribological behaviors of three materials for sucker rod centralizer application including glass-fiber reinforced polyamide 66 composite, ductile iron and quenched ductile iron were investigated on the pin-on-disc type wear testing machine against ceramic Al 2 O 3 under both dry sliding and oil field water lubricated conditions. Laser optical microscopy, scanning electron microscopy, Fourier transform infrared spectrometer, digital temperature measurement system and X-ray photoelectron spectroscope were used to investigate the microstructure, wear mechanism and chemical nature change of the studied materials. The results revealed that the coefficients of friction under oil field water lubricated condition were slightly lower than those under dry sliding condition for the studied materials, in which glass-fiber reinforced polyamide 66 composite exhibited the lowest coefficient of friction. The quenched ductile iron showed the lowest wear volume among the studied materials under both dry and lubricating sliding conditions. The wear loss of glass-fiber/polyamide 66 composite was much higher under lubricating condition than that under dry sliding condition, and much higher than those of as-cast and quenched ductile iron, which was attributed to the combination of thermal deformation, degradation and micro-ploughing.
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extent. Nevertheless, the GF/PA centralizer was found being worn quickly in a period of less than one month in some deviated wells by the ceramic Al 2 O 3 layer with a high hardness of 1 200-1 300 HV in the ceramic-lined composite steel tubes. Therefore, new centralizer, made of a certain material which could display good wear resistance to the ceramic Al 2 O 3 , must be prepared.
Ductile irons, which have been evolving over the past few decades, are of considerable current interest because they can offer a better combination of strength and toughness, and such a desirable combination of mechanical properties of ductile iron coupled with the inherent cost advantage of the casting process has resulted in an wide use of ductile iron in machine parts like gears, crankshafts and similar parts, operating under friction and wear condition. [9] [10] [11] The ductile irons represent potential alternative to glass-fiber reinforced polyamide as sucker rod centralizer against the ceramic layer of the Al 2 O 3 in the ceramic-lined composite steel tube. Even though previous investigation on the wear of Al 2 O 3 coupled with graphitized cast iron in air has revealed that the graphite in iron could reduce the friction and wear of not only iron itself, but also Al 2 O 3 couples, 12) the tribological behaviour of ductile iron under simulant lubricating sliding condition is required to be better understood for its further application in sucker rod centralizer. The present paper aims to compare the tribological behavior of ductile irons with pearlite matrix or martensitic matrix with a glass-fiber reinforced polyamide sliding against ceramic Al 2 O 3 under both dry and oil field water lubricated conditions, and these results can provide reference data for application of the ductile iron in sucker rod centralizer.
Experimental Details

Tested Materials
The polyamide material is commercially available 25 wt% glass fibers reinforced polyamide 66 (GF/PA66 composite), and the sucker rod centralizer of GF/PA66 composite was injection molded as shown in Fig. 1 (the left). Ductile iron of composition: 3.7 % C, 2.3 % Si, 0.6 % Mn, 0.02% S, 0.03% P, 0.04% Mg, 0.03% RE, 0.40% Cu and 0.24 % Mo was cast in mold in the form of a conventional sucker rod centralizer as shown in Fig. 1 (the right). The testing materials for this study were as-cast ductile iron and quenched ductile iron. The quenched sucker rod centralizers were austenitised at 860°C for 1 h, followed by quenching in oil and tempering at 200°C for 2 h. Area fraction of graphite in each type of cast irons and the average nodule diameter of the graphite were determined using an image Pro Plus software. The characteristic properties of the cast irons are listed in Table 1 .
Testing
A pin-on-disc apparatus connected to a computer was used to evaluate the friction coefficient of the GF/PA66 composite and ductile iron rubbing against ceramic Al 2 O 3 discs under dry and oil field water lubricated conditions at room temperature of 25°C. Specimens of 6 mm diameterϫ 12 mm length were machined from the sucker rod centralizer of GF/PA66 composite, and also from the as cast and quenched sucker rod centralizers of ductile iron. Specimens were weighed on a single pan electrical balance that gave reading to a 0.1 mg before and after the wear test. The difference in weight of the three test pins before and after the experiment gave the average weight loss from a sliding distance of 1 000.8 m distance from which the average wear rate was calculated. The disc of Al 2 O 3 was 70 mm in diameter with a constant surface roughness of about 1.57 mm Ra and a hardness of 1 300 HV almost equal to the hardness of the ceramic layer of the Al 2 O 3 in the ceramic-lined composite steel tube, the disc rotational speed was kept constant at 41.7ϫ10
Ϫ2 m s Ϫ1 throughout the investigation. The lubricant was the producing water from an oil well in Jilin oilfield of China with a total mineralization of 2.1ϫ10 4 mg/L, which was transported to the wear track on the rotating disc at a flowing speed of 20 drops/min through a plastic pipe with a diameter of 3 mm. The temperature of the pin of GF/PA66 composite was measured at a distance of 1 mm away from the worn end using a digital temperature meter. Thermal transformation in GF/PA66 composite was examined in a temperature range of 20-200°C by means of a Perkin-Elmer differential scanning calorimeter (DSC), and the glass transition temperature (T g ) of GF/PA66 composite was determined to be 122.27°C as shown in Fig. 2 . The worn surfaces were examined with a JSM-5600 scanning © 2010 ISIJ electron microscope (SEM). The subsurface microstructures of the worn samples were observed using a LEXT-OLS3000 confocal scanning laser microscope. The chemical bonding evolution of GF/PA66 composite during wear were analyzed using a NEXUS670 attenuated total reflectance Fourier transformed IR and a VG ESCALAB Mk II X-ray photoelectron spectroscopy (XPS).
Results and Discussion
Dry Sliding Tribological Properties Figures 3(a) and 3(b)
show the coefficient of friction and wear rate of three studied materials as a function of applied load under dry sliding condition. It is seen from the Fig.  3(a) that the applied load has more significant effect on both as cast and quenched ductile irons than on GF/PA66 composite. The coefficients of friction for both ductile irons decrease considerably with increasing load and finally converge at the load of 170 N each other. The coefficient of friction for GF/PA66 composite is much lower compared with the other materials, and maintains a steady value of 0.4 as the load excesses 50 N. It is also noticeable from the Fig. 3(b) that there is a great difference in wear rate among the three studied materials. At a low load of 20 N, the GF/PA66 composite has the lowest wear rate, and with increasing the load its wear rate increases linearly in between as-cast and quenched ductile irons. The wear rate of the ductile iron moves up rapidly until 140 N, and then drops at 170 N, while the wear rate of the quenched ductile iron shows the less dependence on the applied load, and almost maintains a constant.
The morphology of the wear scars on ductile iron, quenched ductile iron and GF/PA66 composite pins at different loads is shown in Fig. 4 . Severe wear characteristic can be clearly observed on worn surface of the ductile iron (Fig. 4(a) ) subjected to 140 N. Besides the grooves parallel to the sliding direction on the worn surface, a delamination dimple was formed. The grooves are typical features associated with abrasive wear, in which hard asperities on the ceramic Al 2 O 3 counterface, or hard particles in between the pin and disc, plough or cut into the pin, causing wear by removal of small fragment of material. The dimple is associated with delamination wear, whose formation process can be explained later by the cross-sectional observation below wear scar. This worn surface morphology agrees with the highest wear rate shown in Fig. 3(b) . In contrary to this, the worn surface of the quenched ductile iron at 140 N shown in Fig. 4(b) is rather smooth besides some shallow grooves, several scars associated with removal of graphite and semicircular cracks. Apparently, its hard martensite matrix exhibits excellent resistance to abrasive wear. The examination of worn surface of GF/PA66 composite at 140 N shown in Fig. 4 (c) revealed occurrence of debonding between the glass fiber and PA66 matrix, and a series of cracks, originated from the interface between the glass fiber and PA matrix, propagated through the space between the fibers. However, at low load of 20 N, the debonding phenomenon was slight (see Fig. 4(d) ). The reason that the drop of wear rate at 170 N for ductile iron is the formation of a smearing layer of graphite covering relatively large area on the worn surface induced by plastic deformation of surface (not shown here), which leads to a lubricating effect and restricts metal to ceramics contact between pin and disc. As the applied load was not high enough to squeeze large amount of graphite out of the matrix forming a large area of lubricating film, the lubricating effect was very limited, therefore, the wear rate was increased till 140 N. It is well known that the wear properties are substantially affected by the hardness of materials, and wear rate usually is inversely proportional to the hardness of the material. 13) The hardness is much lower for as-cast ductile iron than for quenched ductile iron, resulting in a higher wear rate for the ductile iron. To better understand the effect of matrix hardness on the wear, a cross-sectional microstructure examination of both as-cast and quenched ductile irons was performed, as shown in Fig. 5 . It was apparent that an evidently plastic deformation zone with a depth of 50-60 mm occurred below the worn surface of the ductile iron, where the original spherical graphite was extruded into strip towards worn surface (Fig. 5(a) ), hence a crack propagated and finally fell off (Fig. 5(b) ), leading to a high wear rate. No evidently plastic deformation was observed in the subsurface of the quenched ductile iron (Fig. 5(c) ). The microcracks on the worn surface were caused by the extrusion of graphite, which was only several micrometers away from the worn surface ( Fig. 5(d) ). During sliding, under the high normal load applied, the graphite, in front of the asperities on the ceramic Al 2 O 3 conterface, could burst through the thin metallic layer and initiate the crack on the surface, but the matrix did not experience severely plastic deformation, this would not lead to the large delamination dimple. Owing to relatively high hardness of the quenched matrix, the normal load would not affect the graphite nodules far away from the worn surface, thus only the graphite nodules near the surface could initiate the cracks. Considering the limited amount of graphite nodules near the surface and the less deformed matrix, the number of cracks is few and therefore the wear rate is rather low for the quenched ductile iron. Figure 6 represents the coefficient of friction and wear rate as a function of the applied load for three studied materials under oil field water lubricated condition. The coefficients of friction for three studied materials vary with the applied load in a similar trend. They decrease with increasing the load and are slightly lower than they were under dry sliding condition. Even though the fluid film of water is so thin that it cannot separate the contact between conterfaces completely, it partly has effects of bearing load and lubrica- tion, and reduces the coefficient of friction. In the case of GF/PA66 composite, polar bond in amide was prone to absorb water and correspondingly a thick water film was formed, displaying a slightly lubricating effect under water lubricated condition. However, the variation in wear rate with applied load for GF/PA66 composite did not agree with its low coefficient of friction. It can be seen that as the applied load exceeds 50 N, the wear rate of GF/PA66 composite moves up rapidly, much higher than those of two kinds of ductile irons. Both the as-cast and the quenched ductile irons exhibit a rather low wear rate, indicating that the presence of water lubricating can improve the wear resistance for the ductile irons whereas it impairs the wear resistance of GF/PA66 composite. A comparison of worn surfaces for as-cast ductile iron and GF/PA66 composite at 140 N was presented in Fig. 7 . The worn surface of as-cast ductile iron was smooth and covered with several shallow grooves along the sliding direction; neither delamination nor deformation was present. However, the worn surface of GF/PA66 composite was destroyed badly, for example, the torn matrix and debonding of glass fiber were apparent, indicating this level of the applied load was destructive of the GF/PA66 composite despite relatively low coefficient of friction involved. The excellent wear resistance of the as-cast ductile iron under lubricating condition was further proved by the SEM examination on the cross-section microstructure as shown in Fig.  8 . The worn subsurface experienced no evident deformation and the graphite nodule was still in a perfect sphere shape even near the worn surface. The existence of water has two effects during the sliding: on one hand, the formation of water film between the interface of the pin and disc has a lubricating effect. On the other hand, the water can act as a cooling medium for the pin specimen, because it can carries the friction heat off through its continuous flow. Therefore, the temperature on the worn surfaces of ductile irons is much lower under lubricating condition than under dry sliding condition, and preventing the worn surface from plastically deforming.
Lubricating Sliding Tribological Properties
Wear Behavior of GF/PA66 Composite
The wear rate under lubricating sliding condition was higher than it was under dry sliding condition as GF/PA66 composite was subjected to a load over 50 N. Similar observations have been reported by others elsewhere.
14) The degradation may be ascribed to two main factors. Firstly, the softening of the worn surface of the GF/PA66 composite induced by friction heating. Secondly, the hydrolyzation of amide groups in PA and especially the degradation caused by breaking of C-C link in the presence of water at high temperature, which accelerates the fragmentation of PA66 matrix and consequently increases the wear volume. However, under dry sliding condition a dark transfer film of PA66 was formed on Al 2 O 3 disc after running-in wear, which could act as a solid lubricant causing the wear to be reduced between the mating surfaces. It is difficult for lubricating film of transfer material like PA66 to be formed on wear track of Al 2 O 3 disc in the presence of water, and therefore the micro-ploughing, ripping and debonding of GF/PA66 composite by relatively hard Al 2 O 3 disc can persist through the wear test, increasing the wear volume of GF/nylon composite substantially.
So far no commonly acceptable conclusion has been drawn regarding the correlation between the glass transition temperature and the thermal deformation temperature for fiber-reinforced nylon composite. However, it is thought that the thermal deformation temperature relies on the glass transition temperature greatly, and usually about 10°C lower below the glass transition temperature, the glass transition temperature (T g ) of GF/PA66 composite was determined to be 122.27°C by DSC. As the applied load was 80 N under oil field water lubricated condition, the measured temperature of the wear specimen was about 80°C. The worn surface of the sample is thought to be over the measured temperature, considering a micrometer distance away from the worn surface and low thermal conductivity of GF/PA66 composite. Therefore, maybe the actual temperature of the worn surface is close to or reach 110°C of thermal deformation temperature. The worn surface temperature is estimated based on the thermal conductivity mold as follows: 2) where T x is the temperature with a x meters away from the worn surface, T ∞ is temperature of unworn end of pin, T b is the worn surface temperature, h is the convective heat transfer coefficient, k is the thermal conductivity, D is the diameter of the pin. The h is 100 W/m 2 K, k is 34 W/m K, D is 0.006 m.
The calculated worn surface temperature is rather high as shown in Fig. 9 , and increases close to 110°C as the load is increased to 80 N, which explains effect of temperature rise in worn surface induced by friction heating on the thermal softening.
It can be seen from comparison of the FT-IR spectra of worn surfaces of GF/nylon composites subjected to 170 N under dry and lubricating sliding conditions, as shown in Fig. 10 , that the peak intensity ratio of 731 cm Ϫ1 and 689 cm Ϫ1 is remarkably different, which represents (CH 2 ) n inof-plane bending and C-N of amide groups deformation vibration, respectively. The ratio is 0.886 for original specimen, 0.852 for dry sliding one and 0.806 for lubricating one, respectively. Therefore, it is reasonable to infer that some of the (CH 2 ) n chains are broken in the process of sling against ceramics disc, and the peak intensity ratio changes significantly under lubricating sliding condition, indicating that more (CH 2 ) n chains are broken and consequently the wear is promoted.
To further confirm the change in C chains, XPS analysis of the worn surfaces of GF/PA66 composite subjected to various applied loads under lubricated condition was conducted as shown in Fig. 11 . The spectra of C1s consisted of two peaks, namely CϭO bond at 287.6 eV and C-C bond at 284.5 eV, the intensity and both width dramatically decreased with increasing applied load. According to Fig.  6(b) , the wear rate at 50 N was very low under lubricated condition and close to that under dry sliding condition whereas it increased dramatically at 110 N. The decrease in intensities of CϭO bond and C-C bond suggested breaking happened to the C chains, and it was much severer at 170 N with absence of the peak of CϭO bond, in agreement with the FT-IR results.
Conclusions
(1) Coefficients of friction for three studied materials were all slightly lower under lubricating condition than they were under dry sliding condition owing to the lubricating and bearing effects of water, especially for the GF/PA66 composite.
(2) Among the three studied materials, the quenched ductile iron exhibited the lowest wear rate, consequently it is considered as the best choice for sucker rod centralizer application.
(3) The wear rate of GF/PA66 composite under lubricated condition was much higher than that under dry sliding condition, which aroused by a combination of thermal deformation, degradation and micro-ploughing during the wear testing.
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